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magnitudes and latencies as a function of peripheral stimulation 1997). A third prediction is that thalamic responses to the frequency. Here we report, however, that the responses of thalamic relay neurons to 1-to 12-Hz pulsatile whisker deflections are con-first cycle of a periodic stimulus should differ substantially stant in magnitude and latency over these frequencies. In addition, from responses to later cycles of the stimulus, because cortitheir cycle-by-cycle responses are as invariant as those of primary cothalamic feedback is proposed to contribute significantly afferent neurons. These results support the view that thalamic relay to the attainment of steady-state thalamic responses. Reneurons are driven primarily by ascending afferent signals and sponse latencies and magnitudes of primary afferent neurons, thereby entrain cortical neurons to peripheral stimulation by means however, are presumed to be invariant to the frequency of of a direct feed-forward mechanism.
stimulation. The predictions of the PLL hypothesis are thus inconsistent with the view that thalamocortical neurons are primarily driven by ascending sensory input. As part of an
ongoing study, we have recorded the activity of thalamic The traditional understanding of hierarchical processing and primary afferent neurons in response to periodic pulse in the somatosensory system is that stimulus-evoked signals stimulation of individual whiskers. Contrary to the predicare relayed sequentially from peripheral receptors to brain tions of the PLL model, we find that, in the range of 1-12 stem nuclei and then to thalamic neurons that project to the Hz, mean response latencies and magnitudes per stimulus cortex. Response properties of neurons at each stage are cycle are constant for both populations. determined mainly by convergence of inputs from the more peripheral neuronal population and local circuit processing M E T H O D S of those inputs. In a recent work, Ahissar et al. (1997) refer to this scheme as ''passive'' decoding of peripheral events Surgical procedures and recordings and reject it in favor of a competing hypothesis of ''active'' Six adult female rats were used in these experiments; four for decoding, in which corticofugal projections to thalamic thalamic recordings and two for trigeminal ganglion (NV) reand/or brain stem nuclei substantively determine the firing cordings. Animals were prepared for electrophysiological study patterns evoked in relay nuclei during periodic peripheral using methods described previously (Lichtenstein et al. 1990; Sistimulation. mons and Carvell 1989) . Briefly, for NV recordings a steel post
The hypothesis of active decoding is derived from the was fixed to the skull with dental acrylic to hold the animal's reported result that thalamic neurons phase-lag both brain head, and a craniectomy was made at the stereotaxic coordinates stem and cortical neurons during epochs of oscillatory overlying the trigeminal ganglion (6.0 mm anterior to lambda, 2.6 whisker twitches in awake and voluntarily immobile rats mm lateral to midline). Single-unit recordings were made with tungsten microelectrodes (Frederick Haer, Brunswick, ME), ad- (Nicolelis et al. 1995) . Employing this result, Ahissar et al. cal neurons to periodic peripheral stimuli and to propose a For thalamic recordings, halothane anesthesia was used during mechanism for the coding of object location. According to surgical procedures. A craniectomy was made over the right ventral the PLL model, thalamic relay neurons compare the phases posterior medial (VPM) nucleus of the thalamus, and the dura of intrinsic oscillations in the cortex (Ç10 Hz) and periodic mater was resected. After surgery halothane was discontinued, the peripheral input, and signal the phase difference by their animal was immobilized by pancuronium bromide, artificially refiring rates. Thalamocortical input then adjusts the frequency spired through a tracheal cannula, and kept in a lightly narcotized of the cortical oscillations by the amount necessary for the state by continuous infusion of fentanyl (Sublimaze, Janssen Phar- 
Whisker stimulation and data analysis
Hand-held probes were used to identify the whisker that evoked the strongest response (the principal whisker, or PW) from an isolated unit. To determine the preferred direction of whisker movement for the recorded neuron, a piezoelectric mechanical stimulator was attached to the PW 10 mm from the face and used to deflect the whisker in eight directions spanning 360Њ in 45Њ increments (Simons 1983) . At the preferred direction, pulsatile deflections were applied to the whisker at 1, 2, 4, 8, and 12 Hz for 4, 4, 4, 2, and 2 s, respectively. Ten trials at each frequency were randomly interleaved, with 3 s for recovery between trials. Single pulses consisted of 700-mm deflections of the whisker from its rest position in the unit's preferred direction. Deflections were Ç10 ms in duration (rise time Å fall time Å 5 ms) and were Stimulus begins at 500 ms and ends at 2,500 ms. B and C: mean responses Figure 1 , B and C, shows that response magnitudes per per stimulus cycle of individual NV and VPM neurons, respectively, at cycle of both NV and VPM neurons are invariant over the each stimulus frequency. D and E: response latencies as measured by the range of stimulus frequencies tested. For both populations, time of the peak response (see METHODS ). The variability in latency among regression lines fit to the mean responses have slopes that units is partly due to ''OFF'' responses evoked by the return of the whisker to its rest position, which occur 5-10 ms after the ''ON'' response (see do not differ significantly from zero (NV slope Å 00.002, secondary peaks at 13-14 ms in Fig. 3, A and D) . In some units OFF P Å 0.80; VPM slope Å 00.012, P Å 0.46). The mean responses are equal to or greater than ON responses, producing an apparently decrease in thalamic response magnitude over the 1-to longer latency response when only the histogram peak is measured. Lines 12-Hz range is 0.114 spikes/stimulus (Ç5%). This is apdenoted by filled circles in C and E are data for the neuron whose PSTH is shown in A. reasonably expected based on the report of Ahissar et al. magnitudes decreased with increasing stimulus frequency, in the 1-to 12-Hz range. It was argued that the responses of (1997). We also found that response latencies were constant over all frequencies (Fig. 1, D and E) . The slopes of the neurons in the thalamocortical recipient zone directly reflect those of their thalamic input neurons, such that the frequency regression lines fit to the mean latencies for the NV and VPM populations are 0.002 and 0.113 and do not signifi-dependence of cortical responses originates in the thalamus.
However, thalamocortical response transformations by local cantly differ from zero (P Å 0.96 and P Å 0.12, respectively). Furthermore, none of the individual neurons had cortical circuitry have been demonstrated in a number of systems, including the whisker/barrel pathway (Kyriazi et significantly nonzero slopes for either magnitude or latency. The only notable effect of frequency was an increase in the al. 1994; Simons and Carvell 1989). Thus layer IV circuits are likely to produce the frequency-dependent response mean thalamic response latency from 9.6 ms at 8 Hz to 10.6 ms at 12 Hz (P Å 0.046, 1-tail t-test). The overall stability properties of their constituent neurons.
The corticothalamic oscillations reported by Nicolelis et of thalamic response timing and magnitude can be appreciated by inspection of the population cycle time histograms al. (1995) immediately preceded and then phase locked to whisker twitches that occurred in rats during voluntary imin Fig. 2 . Figure 3 shows populations PSTHs constructed from the mobility and attentiveness. These whisker twitches are distinct from the high-amplitude whisker movements known as responses evoked by the first and last cycles of the 4 and 8 Hz stimuli. In VPM, as in NV, response profiles are indistin-''whisking,'' which occur during exploratory and discriminative whisker behaviors (Carvell and Simons 1990; Welker guishable for the first and last cycles. This is also true for other cycles of the stimuli and for the other frequencies 1964); twitching-associated oscillations cease at the onset of whisking. During whisking, neurons in NV, VPM, and tested (data not shown).
barrel cortex do fire rhythmically when the whiskers contact objects (Carvell et al. 1997) . Even without object contact, D I S C U S S I O N whisking can produce rhythmic cortical firing; such activity depends on actual whisker movement, however, because it We have shown that the response magnitudes and latenis eliminated by anesthetic block of the facial nerve (Fee et cies of both primary afferent and thalamic relay neurons to al. 1997). Together, these findings suggest that periodic firperiodic pulsatile whisker movements are constant over the ing in the whisker/barrel pathway during active touch re-1-to 12-Hz range. In addition, VPM responses, like those flects peripheral rather than central influences. of primary afferent neurons, are similar for the first and last cycles of these stimuli. These results would not be obtained termined mainly by their peripheral inputs, not by frequency-that VPM neurons act as phase comparators in a feedbackdriven PLL as described by Ahissar et al. (1997) . Rather, Received 11 March 1998; accepted in final form 22 April 1998. thalamic neurons relay afferent signals and entrain cortical populations to the frequency of peripheral stimulation by REFERENCES direct feed-forward input. Our results are consistent, how-AHISSAR, E., HAIDARLIU, S., AND ZACKSENHOUSE, M. Decoding temporally ever, with a facilitatory role for corticothalamic feedback as encoded sensory input by cortical oscillations and thalamic phase compasuggested by Yuan et al. (1986) . By suppressing somatosenrators. Proc. Natl. Acad. Sci. USA 94: 11633-11638, 1997. sory cortical activity, these authors demonstrated a decrease CARVELL, G. E., KELLY, M. K., AND SIMONS, D. J. Thalamocortical response in the responses of thalamic neurons to repetitive electrical transformations in the whisker/barrel system during active touch. Soc. Neurosci. Abstr. 23: 2348 , 1997 stimulation of afferent fiber systems in awake rats.
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